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ABSTRACT
Introduction: Recently, various modes of fluoride varnishes have evolved, each with its own recommended 
concentration, potentially active ingredients, and flavour, leading to a claim of additional preventive 
benefits. Differences in fluoride release patterns can potentially enhance or reduce the efficacy of 
fluoride varnishes. Numerous clinical trials have proven its ability in preventing and arresting dental 
caries. This study mainly focused on the investigations of the apatite demineralisation process under 
the effect of different fluoride varnishes by ion-selective electrodes (ISE), in an attempt to comprehend 
their mechanism in anti-caries. Methods: Four different fluoride varnishes (Fluor Protector S, Duraphat, 
ClinPro White, MI Varnish) were used to measure their effect on the demineralisation process of the 
hydroxyapatite (HAP) discs in 60ml pH 4.0 acetic solutions. The HAP discs were treated with these 
varnishes after 4-hours demineralisation and then immersed back into the same solutions for further 
demineralisation to observe the effect of the varnishes. Throughout the experiment, the calcium ISE 
was used to monitor the rate of calcium concentration. Results: The result demonstrated that ClinPro 
White varnish resulted in the most significant inhibition of demineralisation and signs of probable 
remineralisation throughout the experiment. Other fluoride varnishes treatment showed the ability to 
inhibit demineralisation. However, the rate of calcium dissolution was not significantly different from 
different varnishes. The fact that the ClinPro White showed evidence of remineralisation might be 
associated with the fact that the varnish contained a source of calcium and phosphate. Conclusion: 
The fluoride varnishes treatment is shown to be effective in inhibiting the demineralisation of apatite 
regardless of the difference in fluoride concentration and potentially active ingredients incorporated in 
some of the fluoride varnishes. 
Keywords: Demineralisation, dental caries, fluoride varnishes, ion-selective electrodes, remineralisation.
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INTRODUCTION
A goal of modern dentistry is the non-invasive 
management of non-cavitated caries lesions 
involving a remineralisation system to repair the 
enamel with fluorapatite or fluorhydroxyapatite. 
Without doubt, fluoride supplements have 
contributed to a decrease in the prevalence and 
severity of dental caries in most industrialised 
countries in the past two decades. Intensive 
laboratory and epidemiological research on the 
mechanism of action in preventing caries indicates 
that fluoride’s predominant effect is topical.1-3 
Notably, the effect is maximised when it is present 
continuously in solution4, resulting in less mineral 
loss during the acid attack.5-7
The use of topically applied fluoride has 
increased over recent decades, and fluoride-
containing varnishes are widely used at present. 
Recently, a range of novel calcium-phosphate-
based remineralisation delivery system have been 
developed for clinical application and added to 
products such as fluoride varnishes. Differences in 
fluoride release patterns can potentially enhance 
or reduce the efficacy of fluoride varnishes.8,9
Numerous clinical trials have proven the 
abilities of these fluoride varnishes in preventing 
and arresting dental caries. This study was focusing 
on the efficacy of four different fluoride varnishes 
in its ability in the demineralisation process of 
the apatite disc and whether one or any of these 
forms of fluoride varnishes is more effective than 
the other. In this study, hydroxyapatite (HAP) discs 
were used as tooth analogues, as described by 
Kosoric et al.10 This study was aimed to analyse 
the effect of different fluoride varnishes on the 
release of calcium ions from HAP discs with an 
ion-selective electrodes approach.
METHODS
Ion Selective Electrode (ISE)
Ion-selective electrodes (ELT8041, Nico2000 
Ltd., Middlesex, UK) are solid-state electrodes 
that are encompassed with saturated crystalline 
or polyvinyl chloride that can detect ions. They 
are used for measuring free ion concentration in 
solution. Ion activity is measured by converting 
it into an electrical potential. The ISE measures 
the ion activity by using either a pH meter or a 
volumeter. The voltage is theoretically dependent 
on the logarithm of the ionic activity according to 
the Nernst Equation. 
The ISE system compromises of ISE 
electrodes, ELITE head system, references 
electrode, ion/pH analyser, electrochemical 
software for ISE/pH, two-channel interphase 
2.1.22 (Chemputrix Ltd, London UK 1998).
The calcium ISE contains a PVC membrane 
and is saturated with organic molecules that have 
the ability for binding and transporting calcium 
ions. Inside the electrode is an internal solution with 
predetermined calcium chloride concentration 
that has been added to the potassium chloride or 
silver chloride solution in the internal reference 
system, which in the modern ISE solid state is in a 
solid form that is also present in the ISE. 
There are three types of reference 
electrodes used. They are classified according 
to the composition of the filling solution. In this 
study, potassium chlorides are used with barium, 
calcium, fluoride and nitrous oxide. 
In this study, ISE was used to measure the 
rate of mineral loss from HAP disc in stimulated 
cariogenic challenges. For each data set, the 
amount of calcium dissolved as a result of HAP 
dissolution is plotted as a function of time and 
calcium dissolution concentration.
Calcium and reference electrode calibration
Calcium and reference electrodes were immersed 
into 60ml of one of the calibration solutions 
that were prepared in Table 1. After the reading 
stabilised, a recording was started. 1ml of the acid 
or water was then added to dilute, and the new 
reading was taken. This procedure was repeated 
20 times. The reading obtained from ISE is in 
millivolts unit that indicates the quantity of free 
calcium detected in the solutions as a result of 
the potential difference between the calcium and 
reference electrode measurements. This data was 
Table 1. Calibration of the solutions concentration
Calibration solution 
concentration
(mM)
Medium Amount of CaCl2.
H2O added
(grams)
1 (1 litre) Deionised water 0.1443
1 (1 litre) Acetic acid 0.1443
1 (60 ml) Deionised water 0.008658
1 (60 ml) Acetic acid 0.008658
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used to plot a calibration graph, which produced 
a calibration equation that was then used to 
calculate calcium ion concentration in subsequent 
experiments. The calibration graph was linear, and 
an applicable equation was obtained to convert 
the ISE readings into concentration values in the 
following experiments, as shown in Figure 1.
Varnish selection
Four dental varnishes were selected for this study 
(Table 1): (1) MI Varnish with CPP-ACP containing 5% 
sodium fluoride [2.26% (w/w) fluoride, 22.6mg/ml 
fluoride or 22600mg/L Fluoride]; (2) ClinPro White 
with fTCP containing 5% sodium fluoride [2.26% 
(w/w) fluoride, 22.6mg/ml fluoride or 22600mg/L 
fluoride]; (3) Fluor Protector S containing 1.5% 
ammonium fluoride [0.77% (w/w) fluoride, 
0.77mg/ml fluoride or 7700mg/L fluoride]; (4) 
Duraphat containing 5% sodium fluoride [2.26% 
(w/w) fluoride, 22.6mg/ml fluoride or 22600mg/L 
Fluoride].
HAP discs
The specimen used in the experiment to 
imitate the real enamel were HAP discs with 
commercialised Compressed sintered HAP discs 
(Plasma Biotal, UK.) of 13mm in diameter, 2mm 
in thickness and 20% nominal porosity were used 
in each experiment. They were prepared in a 
windowed type disc, which can be used in the 
demineralisation experiments. Nail polish was 
used to varnish the disc, and 6 mm x 6 mm square 
was left on the surface of the disc in order to 
make windowed-type discs.
Demineralising solutions
Acetic acid (0.1 M/L) was used as an acidic medium 
in this experiment to mimic demineralisation 
conditions. 6.05g of pure (100%) acetic acid was 
added to 1.0 litre of deionised water. This resulted 
in acetic acid with a pH of 2.8. Then sodium 
hydroxide was added gradually via a syringe to the 
acetic acid solutions to buffer it, resulting in acid 
with the pH value of 4.0.
Data collection procedures
Four-compressed sintered HAP discs (Plasma 
Biotal, UK.) were prepared in a windowed-type 
disc. Nail polish was used to varnish all discs, and 
a 6 mm x 6 mm square was left on the surface of 
the disc in order to make a windowed-type disc.
All four HAP discs were then coated with 
a single layer of one of the different fluoride 
varnishes, as shown in Figure 2. The amount of 
varnish painted on each HAP disc was determined 
before and after applying the varnish. The weight 
of each of the varnish that covered standardised 
area (6 mm x 6 mm window) of the HAP disc 
was MI Varnish (0.086 g); Clinpro White (0.082 
g); Fluor protector S (0.088 g); Duraphat (0.089 
g). 60 ml of acetic acid with the pH value of 
4.0 was poured into a breaker. The calcium and 
reference electrodes were then immersed into 
the solution while being stirred continuously using 
a magnetic stirrer. A few minutes were allowed 
for the reading to stabilise before HAP disc 
were added to the solution. The HAP discs were 
immersed into the solution for 4 hours before 
ISE reading was stopped, HAP discs were taken 
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Figure 2. From left, HAP disc after treated with Duraphat, MI Varnish, Fluor protector S and Clinpro White
6mm
6mm
Figure 3. Experimental ISE setup
out from demineralisation solution, air-dried for 
2 minutes then discs were washed with distilled 
water for another 2 minutes. A single, thin film 
of each varnish was then applied to each of the 
exposed window on HAP disc using the supplied 
or recommended applicator. The exposed surfaces 
with topical varnishes treated were maintained at 
37°C for 1 minute, air dried, and the amount of 
varnish which had been applied was determined 
by reweighing the HAP disc. An attempt was 
made to equalise the amount of varnish on each 
HAP disc within about 10% by adding varnish to 
those with a lower weight. However, the varnish 
was not removed from any of the higher weight 
on the HAP disc once applied. All HAP discs were 
then immersed again in the 60ml acetic acid pH 
4.0. The rate of calcium dissolution of HAP disc 
after being treated was determined using calcium 
electrode for another 4 hours. Experiments were 
repeated with the other topical fluorides; Clinpro 
White, Fluor protector S, MI Varnish, as shown in 
Figure 3.
RESULTS
For all cases, prior to the intervention, the 
mineral mass loss from the hydroxapatite discs 
was linear with time as previously observed.11 
However, as shown from the results described in 
Figure 4 (A-D), the horizontal tendency indicated 
that the calcium release was almost ceased after 
the intervention.
Figure 5 shows that there was a continuing 
drop in slope after 4 hours being treated with 
ClinPro White and calcium dissolution rate after 
treatment.
For each experiment, the percentage 
change in HAP discs was calculated for the change 
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in calcium dissolution following the intervention. 
The amount of calcium dissolution rate before 
and after intervention with fluoride varnishes is 
expressed as mmol/L. Table 2 shows the amount 
of calcium dissolution rate before and after 
intervention with fluoride varnishes.
Percentage of inhibition of calcium 
dissolution after intervention with fluoride 
varnishes is shown in Figure 6. ClinPro White has 
the highest percentage of inhibition of calcium 
dissolution on HAP disc within 4 hours after the 
intervention. The hydroxapatite discs treated 
with Fluor protector S has the lowest ability in 
inhibiting calcium dissolution in demineralisation 
condition.
The calcium dissolution rate was plotted 
against the log of fluoride. The log fluoride content 
was calculated from the change of the sodium 
fluoride in each of fluoride varnishes as stated 
from the manufacture (ppm) as shown in Figure 7.
Figure 4. A) Windowed-type disc treated with ClinPro White varnish after 4 hours demineralisation in 60 ml acetic acid 
pH 4.0.; B) Windowed-type disc treated with Fluor Protector S varnish after 4 hours demineralisation in 60 ml acetic acid 
pH 4.0.; C) Windowed-type disc treated with MI Varnish after 4 hours demineralisation in 60 ml acetic acid pH 4.0.; D) 
Windowed-type disc treated with Duraphat varnish after 4 hours demineralisation in 60 ml acetic acid pH 4.0.
Table 2. Amount of calcium dissolution rate before and after intervention with fluoride varnishes
Fluoride varnishes Before treatment calcium 
concentration (mmol/L)
After treatment calcium 
concentration (mmol/L)
Percentage inhibition
(%)
Clinpro White 0.0885 -0.0052 0 (100)
Duraphat 0.1117 0.0011 0.98 (99.02)
Fluor protector S 0.1514 0.0191 12.61 (87.39)
MI Varnish 0.0776 0.0062 7.9 (92.1)
A B
C D
Time (Hours) Time (Hours)
Time (Hours)
Time (Hours)
Duraphat)
y = -0.0052x+0.4905
R2 = 0.8814
Before interventio
Linear (Before interventio)
ClinPro White
Linear (ClinPro White)
Withhout interventio
Linear (Without interventio)
Flour Protector S
Linear (Flour Protector S)
Withhout interventio
Linear (Without interventio) Linear (MI Vernish)
MI Vernish
Linear (Duraphat)
Withhout interventio
Linear (Without interventio)
y = 0.0191x+0.5845
R2 = 0.987
y = 0.0062x+0.3647
R2 = 0.8849y = 0.0011x+0.5626
R2 = 0.2021
y = 0.0885x+0.0664
R2 = 0.9972
y = 0.1117x+0.0807
R2 = 0.9968
y = 0.0776x+0.003
R2 = 0.9974
y = 0.1514x+0.0209
R2 = 0.998
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Figure 5. Windowed-type disc treated with ClinPro White 
varnish after 4 hours demineralisation in 60 ml acetic acid 
with the pH value of 4.0.
Figure 6. Percentage of the inhibition of calcium 
dissolution against different fluoride varnishes
Figure 7. Calcium dissolution rate against Log of the 
fluoride content
There was an initial and rapid decrease 
from the control until HAP discs were treated with 
a range of fluoride varnishes. Fluor Protector S has 
the highest calcium dissolution rate compared to 
other fluoride varnishes. ClinPro White varnish 
has shown the lowest calcium dissolution after 
treatment.
DISCUSSION
The use of professional topical fluoride that 
provides fluoride to the exposed surface dentition, 
at elevated concentrations, for local protective 
effect has increased over recent decades. 
Recently, various modes of fluoride varnishes 
have evolved, each with its own recommended 
concentration, potentially active ingredients, and 
flavour, leading to a claim of additional preventive 
benefit. Differences in the fluoride release pattern 
can potentially enhance or reduce the efficacy 
of fluoride varnishes.12,13 Numerous clinical trials 
have proven its ability in preventing and arresting 
dental caries. The main focus of this study is the 
efficacy of four different fluoride varnishes in their 
ability in demineralisation process of the apatite 
discs, and whether one of these forms of fluoride 
varnishes is more effective than the other.14   
Artificial HAP discs have previously been 
used as a model system or analogues for natural 
enamel because of their thickness, homogeneity 
and composition.10,15 Furthermore, numerous 
studies have used acetic acid (pH = 4.0) as a 
demineralising solution to mimic caries-like 
conditions in vitro.11,15,16 
All the slope and rate values of the 
experiment were gathered into a table to showcase 
the effects of all the fluoride varnishes. Four hours 
control demineralisation for every topical varnish 
there are minor discrepancies. This condition 
might be explained due to the manufacturer’s 
error. Every disc was not the same to each other. 
New HAP discs were used for each experiment, 
which may differ slightly in chemical structure. 
Furthermore, new batches of demineralising 
solution were used for each series of experiments. 
The amount of calcium dissolution rate release 
from time slightly differs between ClinPro White, 
Fluor protector S, Duraphat and MI Varnish. 
However, as is shown from the results, the 
Time (Hours)
Before interventio
Linear (Before interventio)
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Linear (ClinPro White)
y = -0.0052x+0.4905
R2 = 0.8814
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horizontal tendency indicates that the calcium 
release was almost ceased after the intervention. 
These findings identified that continuous ISE time-
dependent [Ca2+] release studies demonstrate 
that dissolution inhibition by different fluoride 
varnishes was rapid. The findings also support the 
theory of ‘ceiling effect’ that application of high 
fluoride concentration resulted in the tremendous 
inhibition in demineralisation, which might be 
attributed to the formation of CaF2 covering the 
HAP disc surfaces and acted as the reservoir of 
fluoride for the FAP establishment later on.6 Due 
to the thick formation of CaF2 covering the HAP 
disc surfaces, the thick barrier will eventually 
inhibit calcium dissolution rate release. However, 
ISE system can only detect the dissolved ions in 
the aqueous phase, the release of calcium ions 
could be recorded, whereby the deposition like 
CaF2 could not be documented. On the other hand, 
the result was in line with the previous study 
that stated fluoride also could change the rate of 
dissolution without changing the hydroxyapatite 
mineral solubility.
Interestingly, in HAP disc treated with ClinPro 
White appear to have signs of remineralisation. 
Additional calcium and inorganic phosphate 
into fluoride varnish may lead to inhibiting 
demineralisation and further remineralisation on 
HAP disc. There was a continuing drop in slope 
after 4 hours being treated with ClinPro White 
and calcium dissolution rate after treatment was 
(-0.0052). This finding supports the hypothesis 
that apart from inhibiting demineralisation, 
fluoride varnishes (ClinPro White) also at the same 
time might demonstrate signs of remineralisation 
within four hours. Fluoride varnish has a short 
life span in the oral environment as it is removed 
by the action of the cheeks and tongue, salivary 
flow, mastication and oral hygiene procedure. 
Therefore, varnishes should release their ions in a 
relatively short period before the varnish is lost. 
It has been estimated that varnishes only remain 
in situ for up to 24 hours. The combined use of 
calcium and fluoride, in particular ClinPro White, 
has shown signs of remineralisation within 4 hours 
under caries-like demineralising conditions, so this 
new varnish may have the potential to improve 
caries prevention further. 
In terms of the ability in inhibiting calcium 
rate dissolution in demineralisation condition, 
ClinPro White has the best outcome (100%) 
followed by Duraphat (99%), MI Varnish (92%) 
and Fluor Protector S (87%). These findings are 
consistent with previous research that some 
of these secondary ingredients may affect the 
fluoride ion release of the product.17,18 Fluoride 
release and subsequent formation of calcium 
fluoride are thought to be an essential part of 
the mechanism of action of fluoride varnishes to 
prevent demineralisation. Moreover, differences in 
fluoride release patterns can potentially enhance 
or diminish the efficacy of fluoride varnishes. It 
is also apparent that this finding agreed with the 
observation of Seppa19 who reported that the 
higher the fluoride concentration, the greater the 
fluoride uptake by enamel. On the other note, 
Fluor Protector S has the lowest concentration 
of fluoride (1.5% ammonium fluoride) compared 
to other dental varnishes and is likely to have 
the lowest rate of dissolution inhibition. More 
research is therefore needed to understand 
better that it is essential that the addition of 
calcium and phosphate ions does not reduce the 
availability of fluoride ions as it is the fluoride 
that has been shown in clinical trials to provide 
the caries preventive efficacy of the varnish.20 
For future studies, the fluoride and phosphate 
concentration in the demineralising solution after 
the application of different fluoride varnishes 
should be determined. However, we need to be 
cautious about these findings, as this study does 
not represent the exact and real conditions as in 
oral conditions.
CONCLUSION
The fluoride varnishes treatment was shown to 
be effective in inhibiting the demineralisation of 
apatite regardless of the difference in fluoride 
concentration and potentially active ingredients 
incorporated in some of the fluoride varnishes. 
Amongst four different fluoride varnishes in this 
study, ClinPro White has shown possible signs of 
remineralisation under caries like demineralising 
conditions within 4 hours duration. Sodium fluoride 
and ammonium fluoride decreases the rate of HAP 
disc dissolution under caries-like demineralising 
conditions. Continuous ISE time-dependent [Ca2+] 
release studies demonstrate that dissolution 
inhibition by different fluoride varnishes is rapid.
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